We report on two epochs of very-long-baseline interferometry (VLBI) observations of the Type Ib/c supernova, SN 2008D, which was associated with the X-ray outburst XRF 080109. At our first epoch, at t = 30 days after the explosion, we observed at 22 and 8.4 GHz, and at our second, at t = 133 days, at 8.4 and 5.0 GHz. The VLBI observations allow us to accurately measure the source's size and position at each epoch, and thus constrain its expansion velocity and proper motion. We find the source at best marginally resolved at both epochs, allowing us to place a 3σ upper limit of ∼ 0.75 c on the expansion velocity of a circular source. For an elongated source, our measurements are compatible with mildly relativistic expansion. However, our 3σ upper limit on the proper motion is 4 µas d −1 , corresponding to an apparent velocity of < 0.6 c, and is consistent with a stationary flux centroid. This limit rules out a relativistic jet such as a gamma-ray burst jet away from the line of sight, which would be expected to show apparent proper motion of > c. Taken together, our measurements argue against the presence of any long-lived relativistic outflow in SN 2008D. On the other hand, our measurements are consistent with the nonrelativistic expansion velocities of < 30, 000 km s −1 and small proper motions (< 500 km s −1 ) seen in typical supernovae.
INTRODUCTION
The X-ray outburst, XRF 080109, was serendipitously discovered during Swift X-ray observations of the galaxy NGC 2770 , which is at a distance of 28 Mpc (H 0 = 70 km s −1 Mpc −1 ; z = 0.006494 from HyperLeda, Paturel et al. 2003) . Shortly thereafter, optical spectroscopy revealed a Type Ib/c supernova, SN 2008D, associated with the outburst (Blondin et al. 2008; Valenti et al. 2008b,a) . Radio emission was detected using the NRAO 5 Very Large Array , and we undertook first epoch very-long-baseline interferometry (VLBI) observations in 2008 February, with preliminary results published in . We report here on our second epoch VLBI observations in 2008 May and a full analysis of both sets of VLBI observations. XRF 080109 was the first detection of such an Xray outburst associated with a supernova (SN). It had a timescale of ∼600 s, and has been interpreted both as the shock breakout emission from the SN (e.g., Chevalier & Fransson 2008) , and as an engine-driven event (e.g., Xu et al. 2008; Li 2008) . It had a peak luminosity of ≃ 6.1 × 10 43 erg s −1 and a total energy of ∼ 1.3 × 10 46 erg ). The X-ray spectrum seems to be somewhat better fitted with a power-law (photon index = 2.3) than with a blackbody (kT = 0.73 keV, Xu et al. 2008; Li 2008; Modjaz et al. 2008 Although SN 2008D was first identified as a Type Ic, it subsequently transitioned to Type Ib Valenti et al. 2008a) . Early spectra exhibited fairly broad features (see, e.g., Blondin et al. 2008; Valenti et al. 2008b) , although not as broad as seen in socalled "hypernovae" associated with gamma-ray bursts (GRBs) such as SN 1998bw and SN 2006aj. It has been suggested that there may have been relativistic ejecta present in SN 2008D (Dado et al. 2008; Li 2008; Mazzali et al. 2008; Xu et al. 2008) . The high angular resolution of VLBI allows a direct measurement of the angular size, as well as the proper motion, and thus allows us to constrain the velocities present in the source.
OBSERVATIONS
On 2008 February 8, (t = 30 d, where t = 0 is the explosion time, which was 2008 January 9), we observed SN 2008D using the NRAO Very Long Baseline Array (VLBA; 10 antennas, each of 25 m diameter), while on 2008 May 21, we used the phased Very Large Array, (VLA; 130 m equivalent diameter), and the Effelsberg Radio Telescope 6 (100 m diameter) in addition to the VLBA. Further details of the observing runs are given in Table 1 . The data were correlated with NRAO's VLBA processor, and the analysis carried out with NRAO's Astronomical Image Processing System (AIPS). The initial flux density calibration was done through measurements of the system temperature at each telescope, and then improved through self-calibration of the reference sources.
For both epochs, we phase-referenced to VCS1 J0919+3324 (also JVAS J0919+3324 and IVS B0916+336; hereafter just J0919+3324, Beasley et al. 2002) . We used a cycle time of ∼5 min, with ∼3.7 min spent on SN 2008D, except for the observations at 22 GHz, where we used a somewhat shorter cycle time of ∼3 min with ∼1.7 min on SN 2008D.
RESULTS

On 2008
Feb. 8, we detected SN 2008D/XRF 080109 at 8.4 GHz, with a total flux density of ∼1.5 mJy and an image rms background of 90 µJy bm −1 . At 22 GHz it was not detected. The expected 22-GHz peak brightness is < 0.8 mJy bm −1 , depending on the degree of resolution. Our image had an rms brightness of 0.15 mJy bm −1 . However, since both positive and negative extrema were ∼ 0.65 mJy bm −1 , no peak could confidently be associated with SN 2008D.
On 2008 May 21, we detected SN 2008D/XRF 080109 at both 8.4 and 5.0 GHz. Figure 1 shows an image of SN 2008D at 5.0 GHz, where the total flux density was 320 µJy and the rms background level was 21 µJy bm −1 . At 8.4 GHz, the total flux density was 160 µJy and the rms background level 22 µJy bm −1 . The considerably higher sensitivity of the May observations was due to the wider bandwidth, the inclusion of two large apertures, as well as the somewhat longer observing time. The source is very marginally resolved at our FWHM resolutions of 2.5 × 0.8 mas at p.a. −15
• at 5 GHz and 1.8 × 0.6 mas at p.a. −17
• at 8.4 GHz. In particular, no jet-like extension is seen.
Modelfitting to Determine Source Sizes
In order to accurately estimate the angular size, we turned to model-fitting in the Fourier transform or u-v plane, and fit geometrical models directly to the calibrated visibility data by weighted least squares.
Since the source is only marginally resolved, we must choose the model a priori. We use the same models as in Bietenholz & Bartel (2005) , namely an elliptical Gaussian, which we choose to represent a possibly elongated source such as a jet, and a spherical shell model appropriate for an optically thin supernova 7 (see, e.g., Bietenholz et al. 2001; Bartel et al. 2002; Bartel & Bietenholz 2008) . For the 2008 May run at 8.4 GHz, we found that the reduced χ 2 was lower if we excluded the data from the NL antenna, suggesting that there were remaining calibration problems with that antenna. Accordingly we cite the fitted sizes and uncertainties derived without using NL. (We note that the values obtained with the NL data are within the uncertainties, so our results do not depend on this exclusion.) Due to our elliptical u-v coverage, the size of the elliptical Gaussian model is more poorly constrained in an approximately north-south direction, and hence the major axis size of the elliptical Gaussian model is notably 7 The shell model consists of the projection of a spherically symmetrical, optically thin shell of emission, with the shell outer radius being 1.25× the inner radius. The choice of the ratio of the outer to inner radius has a minimal effect on our fitted outer radii. A ratio of outer to inner radius ∼1.25 was found to be appropriate for SN 1993J (Bietenholz et al. 2003) , and is expected on theoretical grounds (Chevalier 1982) . We further note that the 8.4 GHz light-curve peaked near the epoch of our first observations, suggesting that the source was just becoming optically thin. In this case, a disk model would be more appropriate, resulting in a slight underestimate of the radius (see discussion in Bartel et al. 2002) . However the difference in angular radii is only ∼8% even if the source is completely optically thick, and thus does not influence our conclusions.
larger than the size of the circular shell model. However, it would be a coincidence if the source were really elongated in the direction perpendicular to that of our effective resolution.
The statistical uncertainties in the fit parameters are estimated from the residuals to the fit. Our final uncertainties include an additional contribution due to possible variations in the antenna gains, estimated by artificially varying the gains of selected antennas (e.g., Y27, EB, MK) and observing the resulting change in the fitted parameters. We discussed the uncertainties in a similar fitting process in more detail in e.g., Bietenholz et al. (2001) , and Bartel et al. (2002) , however, in the case of SN 2008D, the signal-to-noise ratio is relatively low, resulting in a relatively smaller contribution of the lesstractable systematic uncertainties. Table 2 gives the fitted angular sizes and their uncertainties.
Determination of the Proper Motion
We also determined the proper motion of the peak brightness point between our two epochs of observations. We derive the proper motion with respect to the VLBA calibrator source J0919+3324, whose position we take to be RA = 9
h 19 m 8. s 7871210, decl= 33
• 24 ′ 41. ′′ 942950 (J2000). We used the center positions from the fits mentioned above (which correspond closely to the peak brightness points in the images) as the posi- We calculate the proper motion using the average of the 8.4 and 5.0 GHz positions for 2008 May 21. The angular displacement between our two epochs is +0.17 ± 0.10 and +0.17 ± 0.15 mas in RA and decl., respectively, where the uncertainties are intended to be standard errors including both the statistical uncertainties in the fits and a systematic contribution, estimated according to Pradel et al. (2006) . This displacement implies a nominal proper motion of 2.3 µas d −1 at p.a. 45
• . Since the relative uncertainty in the RA and decl. components of the proper motion is high, the resulting vector proper motion is biased and follows a Rice distribution (assuming a Gaussian distribution for the RA and decl. measurements). Therefore the true proper motion is expected to be somewhat less than the measured one. This is the same bias as is observed in the fraction of polarized radiation, and following the formula in Wardle & Kronberg (1974) and averaging the uncertainties in RA and decl., we estimate that the most probable proper motion is 2.0 µas d −1 . We performed a Bayesian analysis (see e.g., Loredo 1992; Vaillancourt 2006) treating our anisotropic uncertainties appropriately and found a slightly smaller value for the most probable proper motion of 1.6 µas d −1 , with 99.87% probability that the true proper motion is < 4 µas d −1 (i.e., equivalent to a 3σ upper limit)
8 . This value corresponds to a velocity of a The outer angular radius of a spherical shell model, which is appropriate for a supernova. The model consists of the projection of an optically thin, spherical shell with a ratio of outer to inner radii of 1.25. The Fourier transform of this model was fitted to the calibrated visibilities by least-squares. The uncertainties are standard errors (p = 84%) and include a contribution due to uncertainties in the antenna gains. b The FWHM major axis of an elliptical Gaussian model, intended to represent a jet. The ratio of the major to minor axes was fixed at 10, but the position angle was fitted. The Fourier transform of this model was fitted to the calibrated visibilities by least-squares. The uncertainties are standard errors and include a contribution due to uncertainties in the antenna gains. c A 3σ upper limit (p = 0.13% based on Gaussian statistics) on the average apparent expansion speed in units if c, obtained from the angular size and the age, using a distance of 28 Mpc. d At this point the supernova was just becoming optically thin, so would probably appear closer to a disk than the projection of a spherical shell. We report the radius of the spherical shell model for consistency. A disk model would have a radius 8% larger than that of the shell model (see e.g., Bartel et al. 2002) .
< 0.6 c. Conversely, if the true proper motion were zero, then the chance of observing one as high as we observed is ∼15%. In short, our measurements suggest a probable apparent motion of ∼ 0.3 c, with a value of c being very improbable, whereas a stationarity is compatible at the 1σ level.
DISCUSSION
We have made two epochs of VLBI observations of the supernova 2008D, which was associated with the X-ray outburst XRF 080109. Our size measurements constrain the apparent outflow speed of any ejecta associated with radio emission. Our fits of a spherical shell model to the 2008 May data suggest a nominal average expansion speed of 54 +41 −57 × 10 3 km s −1 (taking the mean value of the measurements at 8.4 and 5.0 GHz). Supernova ejecta usually exhibit speeds of 10 ∼ 50 × 10 3 km s −1 (e.g., Bietenholz 2005), so our VLBI size measurements are entirely consistent with the radio emission being due to the interaction of a normal shell of supernova ejecta with the circumstellar material. Such interaction was found to be compatible with the X-ray and optical observations of SN 2008D by Chevalier & Fransson (2008) . The peak radio brightness of SN 2008D was ∼ 3 mJy at 8.4 GHz ), corresponding to a spectral luminosity of ∼ 3 × 10 27 erg s −1 Hz −1 , which is also in the range exhibited by normal Type Ib/c supernovae (e.g., Chevalier & Fransson 2006) . So the radio observations are fully consistent with radio emission as is seen from the normal interaction of the supernova ejecta with the CSM.
However, as mentioned in the Introduction, it has been suggested that relativistic ejecta are present in SN 2008D. Dado et al. (2008) suggested that SN 2008D/XRF 080109 might be an ordinary, long GRB viewed off-axis. In this case, the models of Granot & Loeb (2003) predict that both the expansion and the apparent motion of the radio-emitting region should be relativistic.
We will show that our VLBI observations provide strong constraints on the presence of any relativistic ejecta. We discuss first the expansion speed of the radioemitting region. Our observations at t = 133 d firmly rule out an isotropic relativistic expansion, with the 3σ upper limit on the speed being only about ∼ 0.75 c (see Table 2 ). A GRB-like jet oriented near the line of sight is also ruled out, as such a jet would be expected to appear roughly circular (e.g., Granot 2007; Granot & Loeb 2003) and expand with an apparent speed well over c.
A relativistic jet with a narrow opening angle lying exactly in the plane of the sky would be expected to have an elongated morphology, and expand with an apparent speed of ∼ c. A jet not exactly in the plane of the sky would exhibit apparently superluminal expan-sion. If we conservatively assume a jet not exactly in the plane of the sky, of which only the approaching jet is visible, then the major axes of the fitted elliptical Gaussian on 2008 May 21 suggest at best transrelativistic apparent expansion, with nominal apparent speeds of 1.2 and 0.7 c at 5.0 and 8.4 GHz, respectively. Although our 3σ upper limits (β app < 2.5; see Table 2 ) are compatible with modestly relativistic expansion, even for a jet with a modest Lorentz factor of 5, our upper limits are only compatible with jets at angles > 40
• to the line of sight because jets at smaller angles would have apparently superluminal expansion above our observational limits. In summary, although our measurements of the size of the radio-emitting region cannot conclusively rule out a relativistic jet, they suggest more modest speeds.
A stronger constraint on relativistic ejecta, however, comes from our small observed proper motion. Granot & Loeb (2003) show that the flux centroid of an off-axis GRB jet would show a large proper motion for periods of one month or longer. Scaling their values to our distance of 28 Mpc, we find that the flux centroid would show a proper motion of 10 µas d −1
(corresponding to an apparent speed of 1.6 c). Our 3σ upper limits to the proper motion of the peak brightness point, which will be almost equivalent to the flux centroid, is only 4 µas d −1 (0.6 c). We can therefore exclude superluminal motion between t = 30 and 133 days. In fact our measured proper motion is consistent with SN 2008D/XRF 080109 being stationary, as would be expected of the emission from an ordinary, roughly isotropically expanding supernova, which is expected to have a proper motion of less than a few hundred km s −1 , as has been measured, for example, for SN 1993J (Bietenholz et al. 2001) .
We can compare our results, for example, to the gamma-ray burst GRB 030329, a nearby (z ≃ 0.17) burst, whose angular size was measured using VLBI (Taylor et al. 2004 (Taylor et al. , 2005 Pihlström et al. 2007 ). If it were in NGC 2770, GRB 030329 would have had an angular diameter of ∼3.6 mas (FWHM of a Gaussian) at t = 83 d. This is larger than any of our 3σ upper limits on the angular size. In Figure 2 , we plot the size against the age for SN 2008D, and compare it to those measured for GRB 030329, and for SN 2001em, another Type Ib/c supernova that was a candidate for an off-axis GRB but was shown to have only supernova expansion velocities, as well as for SN 1993J, a typical Type IIb supernova. We note that a more recent measurement of SN 2001em by Schinzel et al. (2008) further limits the expansion velocity of SN 2001em, and an additional 1.6 GHz measurement by Paragi et al. (2005) is consistent with the plotted results. Our (2σ) upper limits on the extent of SN 2008D are considerably lower than the sizes measured for GRB 030329, with SN 2008D showing subluminal expansion, while GRB 030329 shows superluminal expansion till t 300 d.
The prospect of seeing an off-axis GRB event, which ought to be at least 10× more common than those seen as GRBs, continues to prove elusive. No emission clearly associated with an off-axis burst has been identified, although fairly strong afterglow is emission expected from such jets, particularly in the radio (e.g., Perna & Loeb 1998; Levinson et al. 2002; Waxman 2004) . For example, the Type Ib/c SNe 2002ap (Mazzali et al. 2002) and 2003jd (Mazzali et al. 2005) were both suggested to possibly harbor off-axis GRB jets due to their spectral resemblance to GRB-SNe (e.g., SNe 1998bw, 2003dh and 2003lw) In neither case, however, was the expected late-time radio emission seen up to an age of ∼2 years (Soderberg et al. 2006 ). Indeed, a survey searching for radio emission from off-axis jets associated with Type Ib/c SNe found no such emission, implying that 10% of Type Ib/c SNe are in fact associated with GRB jets (Soderberg et al. 2006) . The presence of relativistic ejecta was suggested both for SN 2001em and SN 2008D, based on their strong X-ray and/or radio emission. Both were bright enough in the radio to allow VLBI imaging, which provides the best measurements of the angular size and proper motion, and thus the most direct observational constraint on the presence of relativistic ejecta. In both cases, the VLBI images showed no evidence for any radio-bright relativistic ejecta. It would seem, therefore, that neither high velocity optical features, nor bright radio and X-ray emission are reliable indicators of a relativistic GRB explosion. VLBI imaging, if it is possible, provides the most definitive test of the existence of a relativistic explosion.
SUMMARY
We report on two epochs of VLBI observations of the unusual supernova 2008D which was associated with the X-ray outburst XRF 080109. The presence of an Xray outburst and the high velocities observed in early spectra led to the suggestion that relativistic ejecta were present in SN 2008D. Our VLBI observations rule out an isotropic relativistic outflow. Even in the case of a jet-like outflow near the plane of the sky, although our upper limit on the angular expansion is compatible with velocities of up to 2.5c, the upper limit on the proper motion of the brightness peak suggests a sub-relativistic velocity of < 0.6 c.
Research at York University was partly supported by the NSERC. A. M. S. acknowledges support by NASA through a Hubble Fellowship grant. We thank Uwe Bach for a timely intervention at Effelsberg. , 70, and 90% of the peak brightness of 296 µJy bm −1 , with the 50% contour being emphasized and the lowest contour being 3× the image rms background brightness of 21 µJy bm −1 . The greyscale is labeled in µJy bm −1 , and the FWHM of the convolving beam (2.47 × 0.84 mas at p.a. −15 • ), is indicated at lower left. North is up and east is to the left, and the coordinate system is centered on the peak brightness, which is located at 09 h 09 m 30. s 6463008, 33 • 08 ′ 20. ′′ 124329 (J2000). Natural weighting was used to achieve the highest possible signal-to-noise ratio in the image. Table 2 ), and those for SN 2001em are from Bietenholz & Bartel (2005 , 2007 . For comparison, we plot the well-determined expansion curve of SN 1993J (the labelled dot-dashed line shows the evolution of the outer radius, taken from Bartel et al. 2002) . The FWHM sizes for GRB 030329 are derived from circular Gaussian fits and an angular-size distance of 587 Mpc (Pihlström et al. 2007; Taylor et al. 2005 Taylor et al. , 2004 , and plotted for their rest-frame times. For comparison, lines showing expansion with apparent speeds of 0.1 and 1.0 c area also plotted.
